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A HISTOLOGICAL STUDY OF THE COMPOSITION OF BONE CYSTS IN 
DIFFERING REGIONS OF OSTEOARTHRITIC FEMORAL HEADS 
LINDSEY HELENE KIM 
ABSTRACT 	  
Osteoarthritis is a chronic degenerative joint disease that affects the whole joint, 
including the articulating surfaces and capsular tissues in and around the joint (Hügle and 
Geurts 2016). Osteoarthritis currently impacts 27 million Americans (Racine 2015). Two 
prominent features in osteoarthritis that are correlated with greater pain and reduced 
function are MRI-identified bone marrow lesions and CT-identified subchondral bone 
cysts (Kumar et al. 2013). At this time, the relationship between bone marrow lesions and 
subchondral bone cysts has not been confirmed. Nor has the nature of the tissues 
associated with these clinical signs been fully characterized, pointing to the need for 
further research to identify the composition of subchondral bone cysts as these cysts 
could be a potential target for therapeutic intervention.  
 
This study focused on characterizing the tissue content of subchondral bone cysts 
in osteoarthritic femoral heads. Osteoarthritic femoral heads were collected from male 
and female patients, ranging in age from 43-72 years old, who underwent total hip 
replacement. After surgery, the femoral heads were fixed in 4% paraformaldehyde and 
scanned via micro-computed tomography (MicroCT). The MicroCT images were used to 
identify regions in each head containing large subchondral bone cysts, the primary 
compressive bone, and anterior cartilage. These regions were mapped to the actual 
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femoral head and guided the dissection of the femoral head. Samples from each of the 
regions were decalcified, embedded in paraffin, and cut into 5-micron-thick histological 
sections which were then mounted onto slides. Each section was stained in Safranin-
O/Fast green and hematoxylin and eosin to visualize the tissues present. 
Immunohistochemistry with anti-CD31 was carried out on selected slides to identify 
blood vessels. The samples within all three regions of the femoral head were graded 
histologically for the presence of subchondral bone cysts, whether cartilage was within 
the cyst region, if the histological section matched its corresponding MicroCT image, if 
the articular cartilage was fibrillated, the presence of sclerotic bone, the presence of 
osteophytes, and the presence of blood vessels. It was clear that many of these samples 
were in later stages of osteoarthritis considering most samples exhibited all of the above 
characteristics, contained fibrous tissue, and had little normal fatty marrow. Typically, 
subchondral bone cysts presented beneath fibrillated and degenerated articular cartilage, 
contained fibrous tissue that was much more intensely vascularized and innervated as 
compared to normal fatty marrow, and was surrounded by sclerotic trabecular bone. In 
some cases, osteophytes also formed at the articular surface beneath areas of degenerated 
cartilage. Some subchondral bone cysts contained cartilage and even smooth muscle cells 
in addition to fibrous connective tissue.  
 
The varied location of the subchondral bone cysts shows the need for further 
research as to how their etiologies develop. The content of the subchondral bone cysts 
suggests that areas with disrupted trabeculae become intensely vascularized to allow the 
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influx of inflammatory materials and mesenchymal stem cells to lay down fibrous tissue 
and thicken the surrounding trabeculae to stabilize the weakened microstructure of the 
femoral head. By gaining a comprehensive understanding of the pathology of 
osteoarthritis and of subchondral bone cysts in particular, the progression of the disease 
can be more firmly established and potential new treatments can be developed.  
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INTRODUCTION 
 
Osteoarthritis Epidemiology 
Osteoarthritis is a disease of the whole joint, characterized by chronic pain and 
physical impairment involving structures in and around the joint (Hügle and Geurts 
2016). It is characterized by degenerated cartilage, subchondral bone remodeling, 
osteophytes, muscle weakness, and inflammation of the synovial tissue and tendons (Li et 
al. 2013). 27 million Americans suffer from symptomatic osteoarthritis and it is the 
leading cause of disability in the United States (Racine 2015). In an age-standardized 
study of prevalence of hip osteoarthritis of the Framingham Study Community Cohort, it 
was found that 19.6% are affected by radiographic hip osteoarthritis and 4.2% are 
affected by symptomatic hip osteoarthritis (Allen and Golightly 2015). Hip osteoarthritis 
is positively correlated with females, older age, lower socioeconomic status, African 
American race, genetics, and family history of osteoarthritis (Allen and Golightly 2015). 
Furthermore, at the joint-level, osteoarthritis is also associated with proximal femur 
shape, femoroacetabular impingement, acetabular dysplasia, abnormal joint alignment, 
(Allen and Golightly 2015).  
 
Osteoarthritis of the hip causes pain and stiffness, hindering mobility, muscle 
strength, range of motion, and stability (Racine 2015). Despite the significantly 
diminished quality of life for patients afflicted by osteoarthritis, there is no cure at this 
time (Racine 2015). Current treatment options include physical therapy, weight 
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management, medications, and total hip arthroplasty (Racine 2015). Total hip 
arthroplasty is a treatment for severe hip osteoarthritis, which provides some relief and 
improved function (Racine 2015). As of 2011, 85.5% of total hip replacements were due 
to osteoarthritis (Racine 2015).  
 
Bone Physiology 
Bone tissue is composed of a network of primarily type I collagen, fortified with 
hydroxyapatite (Barrett et al. 2016). Because it is essentially a reservoir of calcium and 
phosphate, it is therefore integral in their homeostasis in addition to its primary functions 
of organ protection, structural support, and movement (Barrett et al. 2016). In order for 
bone to best execute these functions, it is in a constant state of breaking down old bone 
and generating new bone (Barrett et al. 2016).  
 
A whole bone such as the femur has cortical bone on its outer layer and trabecular 
bone in the interior (Barrett et al. 2016). Osteocytes in the cortical bone are contained 
within osteons, where they receive nutrients from the vasculature in the central Haversian 
canal, which then travel through canaliculi to uniformly nourish the entire layer of 
cortical bone (Barrett et al. 2016). Trabecular bone is organized into rods and plates, with 
osteocytes lying on the surface (Barrett et al. 2016). Trabecular bone receives nutrients 
via diffusion from the extracellular fluid (Barrett et al. 2016).   
Osteogenesis occurs in two different ways: endochondral ossification, where cartilage 
structures are converted to bone, and intramembranous bone formation, where 
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mesenchymal stem cells form bone (Barrett et al. 2016). During bone growth, the 
epiphyseal plate narrows as cartilage is converted to bone (Barrett et al. 2016). As this 
happens, chondrocytes secrete vascular endothelial growth factor to promote 
angiogenesis and further ossification (Barrett et al. 2016).  
 
Bone remodeling occurs in response to the different stresses put upon the bone due to  
mechanical loading and is regulated by hormones (Barrett et al. 2016). This process is 
directly carried out by osteoblasts and osteoclasts (Barrett et al. 2016). Osteoblasts are 
modified fibroblasts and are responsible for generating bone (Barrett et al. 2016). 
Osteoclasts derive from the hematopoietic monocyte/macrophage lineage and they resorb 
bone (Barrett et al. 2016). Connective tissue cells of the bone marrow, osteoblasts and T-
lymphocytes all have RANKL on their surface and activate monocytes expressing 
RANK, prompting their differentiation into osteoclasts (Barrett et al. 2016). This is 
balanced by the release of OPG, which competitively binds RANKL to limit the number 
of mature osteoclasts (Barrett et al. 2016).  
 
The process of bone remodeling involves osteoclastic breakdown and osteoblastic 
bone generation during a period of about 100 days (Barrett et al. 2016). In cortical bone 
the remodeling occurs via tunneling, while in trabecular bone it occurs on the surface 
(Barrett et al. 2016). Stress from weight bearing prompts bone remodeling in specific 
regions of the trabecular bone to best accommodate the load (Tsouknidas et al. 2015). In 
the hip, the superior and medial-superior regions of the femoral head have an increased 
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density of trabecular bone as they are the major weight bearing regions (Tsouknidas et al. 
2015).  
 
Because bone stores calcium and phosphate, there are several hormones that act on 
the bone to either increase or decrease circulating amounts of calcium and phosphate in 
the blood by either forming or resorbing bone (Barrett et al. 2016). PTH stimulates bone 
resorption to increase plasma calcium, while also increasing urinary phosphate excretion  
(Barrett et al. 2016). PTH stimulates both osteoclasts and osteoblasts (Barrett et al. 2016). 
In the absence of PTH calcium is deposited in the bones (Barrett et al. 2016). Calcitonin 
and glucocorticoids inhibit bone resorption, decreasing plasma calcium and phosphate 
levels (Barrett et al. 2016). IGF-1 stimulates protein synthesis in the bone, insulin 
increases bone formation, and estrogen decreases bone resorption (Barrett et al. 2016).   
 
The Synovial Joint, Articular Cartilage, and Subchondral Bone 
Synovial joints bring two bones together, enabling movement (Paulsen 2010b). In 
the case of the hip, the acetabulum and the femoral head are joined by a connective tissue 
joint capsule that isolates the articular cavity (Paulsen 2010b). Joints are stabilized by 
ligaments, muscles, and tendons (Paulsen 2010b). Synovial tissue separates the joint 
capsule from the joint cavity, while also protecting the cartilage and allowing the space to 
be filled with synovial fluid containing hyaluronan and plasminogen activator (Hügle and 
Geurts 2016), which facilitates the joint surfaces to move smoothly past each other. 
Synovial fluid is produced by several resident cell types, synoviocytes, macrophages, and 
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fibroblasts (Hügle and Geurts 2016). Synovial tissue is vascularized and thus the synovial 
fluid interacts with blood and lymphatic vessels (Hügle and Geurts 2016). 
 
Articular surfaces are composed of a specialized hyaline cartilage that covers 
articulating surfaces of the joint, providing a surface conducive for shock absorption and 
smooth movement (Paulsen 2010a). Hyaline cartilage is composed of type II collagen, 
GAGs, proteoglycans, proteoglycan aggregates, glycoproteins, and tissue fluid (Paulsen 
2010a). The collagen components are covalently crosslinked while the other biochemical 
components of the matrix interact through strong hydrophilic bonds to form a firm layer 
with chondrocytes, which are distributed throughout the matrix (Paulsen 2010a). 
Chondrocytes are organized into isogenous groups of two to eight chondrocytes (Paulsen 
2010a). The synovial fluid within the joint nourishes the articular cartilage (Paulsen 
2010a). Cartilage grows by increased mitotic activity and by laying down cartilage matrix 
in either the interstitium or on the lateral edges of the cartilage (Paulsen 2010a). When 
cartilage becomes damaged, limited amounts of repair can occur that involves the 
recruitment of mesenchymal stem cells and their differentiation into chondrocytes 
(Paulsen 2010a).  
 
In order to best disperse loads, the articular cartilage resides above a layer of 
calcified cartilage and the subchondral bone (Hügle and Geurts 2016). The tidemark 
separates the articular cartilage from the calcified cartilage (Hügle and Geurts 2016). The 
tidemark is reinforced by collagen that extends from the articular cartilage into calcified 
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cartilage (Li et al. 2013). The cement line is the border between the calcified cartilage 
from the subchondral bone plate (Li et al. 2013). The articular cartilage, tidemark, 
calcified cartilage, cement line, and subchondral bone plate form the osteochondral 
junction (Li et al. 2013). As a unit they are involved in joint maintenance and its 
biomechanical and biochemical homeostasis (Li et al. 2013). Prostaglandins, 
leukotrienes, and growth factors released from osteoblasts can diffuse to the articular 
cartilage, while inflammatory and pro-osteoclastic factors can diffuse into the 
subchondral bone (Li et al. 2013). Because of the connectedness of these tissues, 
environmental changes within the osteochondral junction will ultimately affect all of the 
tissues (Li et al. 2013). This arrangement gives the bone its ability to support body weight 
and absorb shock (Li et al. 2013). The subchondral bone distributes the load across the 
joint and dissipates the stress and strain (Li et al. 2013). If the structure of the 
subchondral bone became stiff and less flexible, more of the shock would be transferred 
to the cartilage (Li et al. 2013). As a result the cartilage would degenerate, diminishing its 
capacity to weight-bear, which would in turn increase the magnitude of stress transmitted 
to the subchondral bone (Li et al. 2013).  
 
The subchondral bone plate provides half of the hyaline cartilage resources of 
glucose, oxygen, and water due to its extensive vascularization (Hügle and Geurts 2016). 
The arrangement and number of vessels and nerves increases with age and magnitude of 
loading forces exerted on that region of the bone (Li et al. 2013). It is also the source of 
attachment for the subchondral trabecular bone and fatty bone marrow (Hügle and Geurts 
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2016). The subchondral trabecular bone is involved in shock absorption and support for 
the joint (Li et al. 2013). Because of the porous nature of the trabecular bone and its 
inherent nervous and vascular tissue, it is thought that it plays a role in cartilage 
maintenance (Li et al. 2013). The structure, orientation, and density of the subchondral 
trabecular bone adapts to best support weight bearing in different regions of the bone (Li 
et al. 2013).  
 
Characteristics of Osteoarthritis 
While the exact pathogenesis of osteoarthritis and its effects are still unclear, the 
literature generally agrees that osteoarthritis is characterized by cartilage degeneration 
and the formation of several pathological features including subchondral bone cysts and 
bone marrow lesions, sclerosis of the subchondral bone, and formation of osteophytes.  
 
Cartilage Degeneration 
Patients with diagnosed osteoarthritis have reduced femoral head cartilage volume 
and are more susceptible to cartilage defects and bone marrow lesions (Teichtahl et al. 
2014). It has been suggested that in early osteoarthritis, damage to the hip joint in the 
form of cartilage defects and bone marrow lesions first occurs in the anterior and central 
superolateral regions (Teichtahl et al. 2014). In a study conducted by Kumar et. al, they 
found that acetabular cartilage defects correlated with pain and disability (Kumar et al. 
2013). They further found that acetabular cartilage lesions were concentrated in the 
anterior and superior regions of the acetabulum, presumably due to increased stress 
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(Kumar et al. 2013). Similarly, patients with femoral cartilage lesions in the same areas 
reported more significant disability as a result (Kumar et al. 2013). 
 
Subchondral Bone Cysts 
Cysts commonly form in osteoarthritic joints, particularly in areas where major 
load-bearing occurs and where the overlying cartilage has been eroded (Ondrouch 1963). 
The cysts are surrounded by trabecular bone and are typically filled with connective 
tissue elements including fibrous tissue and fibrocartilage (Ondrouch 1963). There are 
two predominating theories as to how subchondral bone cysts form.  
 
Landells postulated that cysts form near the articular surface as a result of a 
pathway between the two (Landells 1953). He suggested that synovial fluid and articular 
cartilage are forced through this pathway and accumulate inside the cyst (Landells 1953). 
In later stages when the cyst is more fibrous in nature, there is dead cartilage, supporting 
his theory that the invasion of materials from the synovial joint caused the development 
of the cyst (Landells 1953). Eventually the opening between the cyst and the articular 
surface closes, allowing the cyst to heal (Landells 1953).   
 
Alternatively, in their seminal paper, Rhaney and Lamb theorized that mechanical 
overload of the subchondral bone causes bone necrosis and synovial fluid enters during 
healing (RHANEY and LAMB 1955). They postulate that an impact injures the articular 
cartilage and the underlying subchondral bone plate, causing fractures of the trabecular 
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bone (RHANEY and LAMB 1955). They agree with Landells’ theory that synovial fluid 
may invade the subchondral bone cyst if there is a break in the articular cartilage, but that 
the bony destruction precedes this movement (RHANEY and LAMB 1955).  
 
Since these two papers were published in the 1950’s many researchers have 
conducted further studies to expand upon these theories. For example, in extension of 
Landells, Inui et. al conducted a study using 3D-CT to elucidate a connection between the 
bone cysts and the joint space and the relationship between the degree of osteoarthritis 
and the subchondral bone cysts in dysplastic hips (Inui et al. 2013). The 3D-CT showed a 
line running between the cyst and the joint space in all of the hips, indicating a path of 
communication (Inui et al. 2013). The 3D-CT also showed that with decreasing joint 
space, there was an increase in number of bone cysts, with the majority occurring in the 
anterior/middle acetabulum and femoral head (Inui et al. 2013). Their results support the 
hydrodynamic theory in that the line of communication between the joint cavity and the 
cysts could provide a pathway for synovial fluid to infiltrate and affect the cysts through 
an increase in pressure and by transporting inflammatory cells and other biochemical 
factors (Inui et al. 2013). They had one case where despite the advanced stages of 
osteoarthritis, there were no cysts and no line of communication present (Inui et al. 
2013). Because of the increased density of sclerotic bone, they theorize the lack of cysts 
is due to the synovial fluid’s inability to enter the subchondral bone (Inui et al. 2013). 
Finally they found that cysts are more likely to occur in the acetabulum in the early stages 
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of osteoarthritis and progress to forming throughout the joint, especially in the 
anterior/middle acetabulum and femoral head (Inui et al. 2013).  
 
Similar to the mechanical model introduced by Rhaney and Lamb, Ondrouch et. 
al conducted an experiment to relate the intensity and orientation of loading forces to the 
shape and size of resulting bone cysts (Ondrouch 1963). They found that the articulating 
surface of the joint determines the manner in which large loads are distributed throughout 
the bone (Ondrouch 1963). At a certain point beneath the surface, the bone can’t 
accommodate the load, compromising the integrity of the normal bone tissue and 
produces a liquefied cavity (Ondrouch 1963). The damage is concentrated within the 
cavity, but reverberates to the surrounding area by encouraging new bone growth 
(Ondrouch 1963). The addition of a liquid-filled cavity impedes the mechanical loading 
of the bone, putting strain on the subchondral bone separating the cyst from the articular 
surface (Ondrouch 1963). In some cases this layer can be pushed into the cyst, essentially 
creating a direct pathway from the joint directly to the cyst (Ondrouch 1963).  
 
Bone Marrow Lesions 
More recent studies have focused on bone marrow lesions. These are identified 
via magnetic resonance imaging (Hügle and Geurts 2016). In knee osteoarthritis bone 
marrow lesions are a consequence of subchondral bone remodeling as a result of 
improper loading of the hip joint (Hügle and Geurts 2016). Once bone marrow lesions are 
formed, they have a tendency to increase in size as osteoarthritis progresses, especially 
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with increased cartilage degeneration (Hügle and Geurts 2016). Furthermore, 
subchondral bone marrow lesions are correlated with further cartilage loss and 
subchondral bone remodeling in the same area (Hügle and Geurts 2016). Histological 
analysis of bone marrow lesions show marrow fibrosis, marrow necrosis, and irregular 
trabeculae (Hügle and Geurts 2016). Based on the relationship between increased 
osteoblastic activity and subchondral bone formation in facet joint and ankle 
osteoarthritis, it has been suggested that bone marrow lesions could be related to osteoid 
islets in the subchondral bone marrow (Hügle and Geurts 2016). Furthermore, bone 
marrow lesions are also associated with increased inflammatory cells in sclerotic 
subchondral bone surrounding the bone marrow lesions (Hügle and Geurts 2016). Fibrous 
and vascular tissue invades where fatty marrow normally exists (Hügle and Geurts 2016). 
These tissues contain macrophages, osteoclasts, and monocytes as well (Hügle and 
Geurts 2016). The structural relationship(s) between bone cysts and bone marrow lesions 
however has not been definitively established.   
 
Sclerosis of Subchondral Bone 
In early osteoarthritis there is increased subchondral bone remodeling as 
evidenced by temporal thinning, increased porosity of the subchondral bone plate, 
suggesting increased osteoclastic activity (Hügle and Geurts 2016). Then later on the 
calcified cartilage layer diminishes, and the subchondral bone plate thickens, eliminating 
fatty marrow (Hügle and Geurts 2016). Within bone marrow lesions of osteoarthritic 
knees, after subchondral bone remodeling the bone volume is increased and the 
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trabecular thickness is increased, but the bone is less mineralized (Hunter et al. 2009). 
The bone in this area is more plate-like and spread out, resulting in fewer trabeculae 
(Hunter et al. 2009). As a result the bone has an increased structural stiffness (Hügle and 
Geurts 2016). Hunter et al. postulated that the decrease in mineralization is due to an 
imbalance in bone homeostasis (Hunter et al. 2009). It is thought that this occurs due to 
increased recruitment of mesenchymal stem cells to the subchondral marrow followed by 
osteoid islet development (Hügle and Geurts 2016).  
 
Formation of Osteophytes 
Osteophytes are bony outgrowths consistent with late osteoarthritis that form as a 
result of new cartilage undergoing endochondral ossification (Hayami et al. 2004).  
 
Objectives  
Because osteoarthritis is a disease of the whole joint, where each component 
affects the other, it is necessary to gain insight into its pathogenesis. Furthermore, it is a 
degenerative disease that affects a significant proportion of the population with limited 
treatment options. 
 
The goal of this study is to better understand the composition of subchondral bone 
cysts in osteoarthritic femoral heads. Through the use of MicroCT imaging, three regions 
will be identified within each femoral head: a large cyst region, a primary compressive 
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region, and an anterior cartilage region. Comparing the composition of the cartilage and 
underlying bone of each of these three regions will help to elucidate the degenerative 
process and formation of bone lesions. This will be completed through the use of 
different histological stains. Histological analysis will elucidate the tissue content of the 
cysts and define the extent to which these lesions are vascularized. 
Immunohistochemistry will be utilized to confirm the presence of blood vessels within 
tissue samples known to contain cysts. Positive identification and characterization of the 
vasculature and other tissues found within the cyst can ultimately influence the 
development of therapeutics for arthritic pain.  
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METHODS  
 
Experimental Design 
34 osteoarthritic femoral heads were harvested from total hip replacement 
patients. These donated femoral heads came from both sides of the body, were from male 
and female patients, and ranged in age from 43-72 years old. After surgery, the femoral 
heads were fixed in 4% paraformaldehyde.  
 
Microcomputed Tomography Imaging and Correlation 
Each of the 34 femoral heads were scanned via micro-computed tomography to 
generate three-dimensional images of the bone. An algorithm was used to differentiate 
between normal and pathological regions, by applying a green overlay to the subchondral 
bone cysts. Seven femoral heads were already processed and three were unusable, so the 
final 24 femoral heads were processed and seven were selected at random to be used for 
this study.  
 
In osteoarthritis of the hip joint, the articular cartilage is eroded asymmetrically 
and subchondral bone cysts typically form deep to areas of degenerated cartilage. This 
creates several unique regions within the femoral head. The large cyst region was 
identified as the area with the largest, most continuous cyst. The anterior cartilage region 
came from the anterior articular surface and represents the area with the least amount of 
cartilage degeneration, as they are non-weight bearing. The primary compressive region 
refers to the major weight-bearing area of the femoral head and was identified based on 
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the increased density of the trabecular structure that is highly organized in the direction of 
weight-bearing to best support the load.  
 
In order to correctly identify the primary compressive region, an anterior cartilage 
region, and a large cyst region, it was necessary to orient both the MicroCT image and 
the actual femoral head in the anatomical position. In this way, the data from the 
MicroCT image can be mapped and correlated with the actual femoral head. The 
orientation was found based on the side each femoral head came from and by using bony 
landmarks such as an increased density of cortical bone typically found on the inferior 
portion of the lateral cut surface and the fovea on the inferior portion of the medial 
articular surface. The orientation of the MicroCT image was manipulated based on these 
factors to find the correct anatomical position and then the actual femoral head was 
clamped to match this orientation.  
 
By using the MicroCT software to make coronal cross sections of the 3D image in 
the anatomical orientation, a large cyst region, an anterior cartilage region, and the 
primary compressive region were identified. These regions were mapped to the actual 
femoral head by matching the cut plane percentages for the coronal cross sections to the 
actual bony and soft tissue landmarks.  
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Femoral Head Sectioning 
The 24 femoral heads were sectioned with a low-speed, abrasive rotating blade 
that was fed towards the femoral head, making coronal sections relative to anatomical 
position similar to the virtual coronal sections made with the MicroCT software. 
Anywhere from three to five cuts were made in order to obtain the appropriate sections. 
Photos were taken of each side of each section so they could be compared to the 
MicroCT images (Figure 1). Then, each section was wrapped in phosphate-buffered 
saline-soaked gauze and stored in labeled plastic bags.  
 
The MicroCT images of each section were compared to the actual cut sections to 
determine the location of the cyst region on the actual section and where to further cut 
each section to fit onto a slide in preparation for histological analysis., A dental surgical 
instrument was used to cut each section to the appropriate size. Larger sections were cut 
into anywhere from two to six smaller pieces. These smaller pieces ultimately became 
their own individual tissue blocks to be put onto slides.  
 
The final cuts for each individual section of each femoral head were placed in 250 
mL specimen jars and fixed in 4% paraformaldehyde for one week. After the one-week 
period, the sections were washed in phosphate-buffered saline overnight before being 
transferred into nylon-mesh biopsy bags with labeled index cards to indicate the sample 
number, region, and if it was cut into smaller areas.  	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Figure 1: Method for Sectioning Femoral Heads 
A. MicroCT image of lateral cut surface of femoral head and femoral head oriented to 
match. The green regions represent subchondral bone cysts. The white lines indicate 
where the femoral head was sectioned to produce the Large Cyst Region, the Anterior 
Cartilage Region, and the Primary Compressive Region. B. MicroCT image of Large 
Cyst Region and matching sections a, b, and c.  
C. MicroCT image of Anterior Cartilage Region and matching sections a and b. D. 
MicroCT image of Primary Compressive Region and matching sections a, b, and c. 
The trabecular structure is much denser compared to the other regions and highly 
aligned.  
	  18 
Decalcifying  
The specimens were distributed between several 2000 mL beakers with 14% 
ethylenediaminetetraacetic acid to decalcify the sections. Solutions were kept at 4°C with 
constant stirring and the EDTA solution was changed twice a week. After the samples 
had been in EDTA for three weeks, a 25-gauge needle was inserted into the sections to 
check their consistency. Samples that achieved a “jello-like” consistency were x-rayed to 
confirm whether or not they were fully decalcified as indicated by the lack of bright, 
opaque regions. The samples that did not achieve full decalcification were placed back in 
EDTA for another week. This process was repeated once a week until all samples were 
fully decalcified.  
 
Staining and Imaging 
Fully decalcified samples went through a second fixation in 4% paraformaldehyde 
overnight. The samples were then washed in PBS for 30 minutes and placed in 70% 
Ethanol. The samples were embedded in paraffin and 60 consecutive 5 µm slices were 
mounted on slides. Two serial sections from each tissue block were stained with 
Hematoxylin and Eosin to visualize the tissue content and with Safranin-O/fast green to 
visualize cartilage. Slides that appeared to have the fewest potential artefacts were 
prioritized for staining. Selected slides from the large cyst region with histologically and 
MicroCT identified subchondral bone cyst regions were also treated with PECAM-1 to 
target blood vessels. These slides were then imaged with a microscope to analyze the 
tissue content of the subchondral bone cysts.  
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Immunohistology 
 The selected large cyst region slides were deparaffinized, rehydrated, and reacted 
with PECAM-1, a rabbit polyclonal antibody against CD31 (Invitrogen) to identify 
endothelial cells in blood vessels. This process was completed at the Boston University 
Immunohistochemistry Core facility using an automated slide stainer (IntelliPATH FLX 
System, BioCare Medical, Inc., Concord, CA). The slides were put in peroxidase for ten 
minutes to block background peroxidase staining. For antibody retrieval, a heat retrieval 
method was employed by using Diva Decloaker Reagent (BioCare Medical) at 85 
C for 35 minutes and at 75 C for 10 minutes. Sniper (BioCare Medical) was used as a 
protein block for 30 minutes. Primary antibodies for CD31 were reacted at a dilution 
of 1:100 at room temperature in Da Vinci Green Diluent (BioCare Medical) for 120 
minutes. Following the primary antibody reactions, the slides were washed for two 
minutes in TBST. Next, the slides were treated with a secondary antibody, Mach4 
Universal HRP Polymer (BioCare Medical), for 30 minutes. Then, the slides were 
washed in TBST for two minutes again before being soaked in DAB for five minutes to 
detect the immune reactions. After that, the slides were washed with deionized water. 
Finally, CAT hematoxylin was added for ten minutes for a counterstain.   
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Figure 2: Methods Overview 
Top Left: MicroCT image of Sample 101 Large Cyst Region with arrow identifying 
cyst region; Top Right: Image of Sample 101 Large Cyst Region with arrow 
identifying cyst region; Middle Left: Histological section of Sample 101 Cyst a 
stained with Safranin-O/Fast Green with arrow identifying cyst region; Middle Right: 
Histological section of Sample 101 Cyst a stained with Hematoxylin and Eosin with 
arrow identifying cyst region; Bottom: Histological section of Sample 101 Cyst a 
treated with PECAM-1 with arrow identifying cyst region 
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RESULTS 
Seven samples (Table 1) from the 34 femoral heads collected were used in this 
study.  
Table 1: Patient Hip Demographics 
 Sample 
100 
Sample 
101 
Sample 
106 
Sample 
107 
Sample 
115 
Sample 
116 
Sample 
132 
Age 71 63 70 71 43 50 62 
Gender Male Male Male Female Female Female Female 
Side Right Left Left Right Right Right Right 
Race Asian White Hispanic Black White Hispanic Black 
BMI 26.6 25.5 29 22.5 31.7 31.4 25 
Weight 
(kg) 
78.6 77.1 82 55.8 86.5 76.8 60.04 
Diabetes No No No No No No No 
Renal 
Disease 
CKD 
Stage 3 
No No No No No Yes 
History 
of 
Steroid 
Use 
Yes No No No No No No 
Alcohol 
Abuse 
No Yes No No No No No 
Smoking 
Status 
Former Current Current Current Current None None 
Vitamin 
D Level 
None 21.4 None None None 19 None 
Other  Hepatitis 
C 
     
 
The large cyst region represents the largest continuous area devoid of bone 
identified by the MicroCT capable of being isolated by the IsoMet 4000. The anterior 
cartilage regions represent the areas of the femoral head that had the least cartilage 
degeneration as identified by MicroCT and gross examination of the femoral head. The 
primary compressive region represents the area with the densest and most highly aligned 
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trabecular structure as identified by MicroCT. Due to errors in sectioning, Sample 132 
only has two sections, an anterior cartilage and a primary compressive/large cyst region.  
Each of the stained tissue blocks were histologically analyzed for cyst regions, the cyst 
location, sclerotic bone, correlation with its MicroCT image, cartilage within the cyst, 
fibrillation, osteophytes, blood vessels, and nerves.  
 
Cysts 
In the large cyst region, all seven samples contained cysts as determined by 
MicroCT and histology. Histologically, subchondral bone cysts were identified based on 
the density of fibrous tissue, lack of normal fatty bone marrow, increased density of 
vasculature and nerve tissue, and abnormal trabecular structure. Typically, this looks like 
a contained region of fibrous tissue surrounded by sclerotic bone (Figure 3). However, 
because each femoral head was not necessarily harvested in the early stages of 
osteoarthritis, many of them contained fibrous tissue and had very little normal fatty 
marrow.   
 
 
 
 
 
 
 
Figure 3: Histologically Identified Subchondral Bone Cyst 
A section of Sample 100 shows a fibrous cyst region surrounded by sclerotic 
trabecular bone. 
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In theory, the anterior cartilage should be void of subchondral bone cysts because 
it is non-weight-bearing. However, it seems that these patients progressed to later stage 
osteoarthritis since many of the anterior cartilage sections contained histologically and 
MicroCT-identified cyst areas. Similarly, even in areas where the MicroCT did not 
identify cysts, there is an abundance of fibrous tissue and reduced normal fatty marrow. 
Not all of the histologically identified cysts matched with their corresponding MicroCT 
images (Table 5). All of the anterior cartilage samples had MicroCT-identified cyst 
regions except for Sample 132.  
 
 The primary compressive region had cyst regions in all seven samples as 
identified by MicroCT and histology. Because the primary compressive region is the area 
of greatest weight-bearing, it is exposed to the greatest amount of force and is the most 
susceptible to cartilage degeneration. This suggests that the mechanical loading of the 
femoral head plays a role in subchondral bone cyst formation.  
 
Table 2: Histologically Identified Cysts 
 Sample 
100 
Sample 
101 
Sample 
106 
Sample 
107 
Sample 
115 
Sample 
116 
Sample 
132 
Large Cyst 
Region 
+ + + + + + + 
Anterior 
Cartilage 
Region  
+ + + + + + + 
Primary 
Compressive 
Region  
+ + + + + + + 
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Sample 107 
Sample 115 Sample 116 
Sample 132 
Figure 4: Large Cyst Region Arrows 
point to the histologically identified cyst 
region within each of the seven samples.  
Sample 100 Sample 101 
Sample 106 
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Location of Cysts 
A summary of the three regions and their correlation to the development of cysts 
is presented in Table 3. Within the large cyst region, the majority of the cysts were 
superficial, just beneath the superior, inferior, or medial articulating surface. This was 
true in Samples 100, 101, 106, and 132. Sample 100 also had a histologically identified 
cyst located deep to the articular surface, closer to the femoral neck. This cyst did not 
match with its corresponding MicroCT image, which only showed cyst regions in the 
medial articular surface. The primary cyst region in Sample 115 identified histologically 
and by MicroCT was also deep to the articular surface, closer to the femoral neck. The 
MicroCT image of Sample 115 also showed smaller cyst regions throughout the femoral 
head and in the superior articular surface, but these did not match histologically. There 
was also a deep cyst that was not identified by MicroCT. The primary cyst region of 
Sample 116 was in the middle of the femoral head, between the femoral neck and the 
medial articular surface. MicroCT also identified a smaller cyst region beneath the medial 
articular surface, but Sample 116 is pretty fibrous throughout.  
 
Analysis of the anterior cartilage regions for Samples 100, 101, 106, 107, and 116 
showed superficial cysts in the anterior cartilage region. Sample 115 had a cyst region 
deep to the articular surface near the femoral neck. Sample 132 was fibrous throughout, 
but did not have a MicroCT identified cyst region. 
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All seven samples in the primary compressive zone had at least one superficial 
cyst region. Furthermore, samples that had cysts in multiple regions always had a 
superficial cyst region, suggesting that the progression of cyst formation starts 
superficially beneath the area of loading and as the disease progresses, more form down 
towards the femoral neck. However, some samples were fibrous throughout with an 
increased density where MicroCT identified cyst regions. The primary cyst region of 
Sample 115 was deep, which matched the MicroCT and histologically. MicroCT 
identified a few small cyst areas beneath the articular surface and in the middle of the 
femoral head, but not all of them matched histologically. Likewise, Sample 107 had 
MicroCT identified cysts that were superficial, in the middle of the femoral head, and 
deep. One of the small deep cysts did not match histologically.  
 
Table 3: Histologically Identified Location of Cysts 
S= Superficial, M= Middle, D= Deep, U= Uniformly Fibrous 
 Sample 
100 
Sample 
101 
Sample 
106 
Sample 
107 
Sample 
115 
Sample 
116 
Sample 
132 
Large Cyst 
Region  
S 
D 
S S M D M S 
Anterior 
Cartilage 
Region  
S S S S D S U 
Primary 
Compressive 
Region 
S S S 
M 
D 
S 
M 
D 
S 
D 
S S 
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  Superficial Cyst Region 
Middle Cyst Region 
Deep Cyst Region Fibrous Throughout 
* 
* 
* 
* 
Figure 5: Cyst Location 
Superficial Cyst Region: Sample 101 Cyst a is representative of a cyst region 
superficial to the articulating surface (*) as shown by the arrow. Middle Cyst Region: 
Sample 116 Cyst has a cyst region that is predominantly in the middle of the femoral 
head between the articular surface (*) and the femoral neck as shown by the arrow. 
Deep Cyst Region: Sample 115 Cyst b has a cyst region that is deep to the articulating 
surface (*), close to the femoral neck as shown by the arrow. Fibrous Throughout: 
Sample 132 Anterior Cartilage b did not have any MicroCT identified cyst regions, 
but is fibrous throughout and has little normal fatty marrow. 
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Sclerotic Bone 
Sclerotic bone was identified by an increased density and thickness of trabecular 
bone. The trabecular bone loses its rod-like shape and becomes more plate-like (Hunter et 
al. 2009). Table 4 summarizes the appearance of this tissue in each of the three zones. All 
of the samples except Sample 107 had sclerotic bone in the large cyst region. Sample 107 
did not cut well on the microtome and most of the articulating surface was lost, including 
the region containing sclerotic bone as determined by MicroCT.  
 
In the anterior cartilage region, it was difficult to differentiate between sclerotic 
bone and cortical bone because the sections were taken from either the superficial 
anterior or posterior surface. Sclerotic bone was identified by comparing the trabecular 
bone throughout the entire section to gauge its thickness. Bone was also considered 
sclerotic if there was a significant thickening of the subchondral bone plate and if any 
osteophytes were present. Based on these criteria, Samples 100, 101, 106, 107, and 132 
were found to have sclerotic bone, while Samples 115 and 116 did not. 
 
 Because the primary compressive region is characterized by an increased density 
in trabecular bone, it was difficult to differentiate between sclerotic bone and the primary 
compressive group. Similar to the healthy cartilage region, sclerotic bone was identified 
by the presence of osteophytes and an increased thickness of the subchondral bone plate. 
Based on these traits all seven samples had sclerotic bone.  
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Table 4: Histologically Identified Sclerotic Bone  
 Sample 
100 
Sample 
101 
Sample 
106 
Sample 
107 
Sample 
115 
Sample 
116 
Sample 
132 
Large Cyst 
Region  
+ + + - + + + 
Anterior 
Cartilage 
Region  
+ + + + - - + 
Primary 
Compressive 
Region 
+ + + + + + + 
 
 
Correlation with MicroCT Image 
The stained tissue blocks were compared to the original micro-computed 
tomography images to confirm the presence of cyst regions, their location, and sclerotic 
bone. Not all of the cysts that were identified histologically matched with those found by 
micro-computed tomography. In some cases, this meant the location was correct, but the 
shape and size of the cyst did not match. In others, this meant that there were 
histologically identified cysts that were not present on their corresponding MicroCT 
image. A reason for this could be that the MicroCT detects cysts of a certain size and 
anything larger or smaller isn’t picked up. This could also be due to a misalignment in 
sectioning of the femoral head, resulting in a section that does not perfectly match the 
MicroCT image. Another reason for this could be due to misalignment of the section 
when it is embedded in paraffin. Finally, this could also be affected by how far into the 
tissue block each section was cut on the microtome.  
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  Within the large cyst region, Sample 100 had a superficial cyst that matched its 
MicroCT image, but also had a deep cyst that did not match. Furthermore, there were also 
cyst areas where the shape and size didn’t match the MicroCT image. Sample 101 also 
had cyst areas that didn’t exactly match the shape and size as predicted by the MicroCT, 
in addition to also having histologically identified cysts not present on the MicroCT. 
Sample 107 did not cut well and significant portions of the tissue beneath the articular 
surface were lost, hindering the correlation of the histological features with the MicroCT 
features. Sample 115 had small deep cyst that didn’t match with the MicroCT. The 
superficial cysts identified histologically didn’t quite match the MicroCT either.  
 
 An analysis of the anterior cartilage regions showed that Sample 100 had a small 
cyst on the superior articular surface that had not been visualized with MicroCT while 
there was a cyst on the medial articular surface visible on MicroCT, but not histologically 
identified. Sample 101 was an irregularly shaped tissue block and it is possible that the 
wrong side was cut on the microtome. Sample 106 was pretty fibrous throughout with 
larger histologically identified cyst areas, whereas the MicroCT identified a few small 
cyst regions. Sample 107 matched its MicroCT image pretty well, however, part of the 
section ripped on the microtome. Sample 115 had small cyst regions deep to the articular 
surface that matched the MicroCT, but did not have a small cyst region just below the 
articular surface like the MicroCT image. Sample 116 was also an oddly shaped section 
that had to be re-embedded and re-cut to get sections that had cartilage and the 
underlying bone. It has a small cyst region in the center of the section similar to its 
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MicroCT image, but there is a lot more cartilage and a lot less bone than indicated by the 
MicroCT image. Sample 132 did not have any MicroCT identified cysts, but is fibrous 
throughout.  
 
 In the primary compressive region, Sample 100 has a few cyst areas that are not 
on MicroCT and the cysts that do match are not the right size or shape. The primary cyst 
region identified by the MicroCT was much smaller than expected when examined 
histologically. Samples 101, 106, and 132 match their MicroCT images pretty well. 
Histologically, Sample 107 matched its MicroCT image for the most part, except for a 
small deep cyst that was not present histologically. Sample 115 had a deep cyst that 
matched the MicroCT. It also had a few small histologically identified cysts beneath the 
articular surface, that were in a similar area identified by MicroCT, but not quite the same 
size and shape. Sample 116 is very fibrous throughout, but there is an increased density 
of fibrous tissue and sclerotic bone where the MicroCT identified cysts. There was also a 
hole in the superficial articular surface of the femoral head, possibly due to a surgical 
clamp, that led to a faulty MicroCT identified cyst region. 
 
Table 5: Correlation of Cyst Region, Cyst Location, and Sclerotic Bone with MicroCT 
Image 
 Sample 
100 
Sample 
101 
Sample 
106 
Sample 
107 
Sample 
115 
Sample 
116 
Sample 
132 
Large Cyst Region +/- +/- + +/- +/- + + 
Anterior Cartilage 
Region 
+/- - +/- +/- +/- +/- - 
Primary Compressive 
Region 
+/- + + +/- +/- +/- + 
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    Match with MicroCT (+) 
No Cyst in MicroCT/Histological Cyst (-) 
Cyst in MicroCT/No Histological Cyst (-) 
Figure 6: Correlation with MicroCT Image 
Match with MicroCT (+): Sample 106 Cyst a is representative of a histological image that 
matches its MicroCT image. The area above the red line in the MicroCT image on the left 
corresponds with the histological image on the right. The arrows identify the cyst regions. The 
shape and location of the cyst matches in both images. Cyst in MicroCT/No Histological Cyst 
(-): Sample 100 Anterior Cartilage a is representative of a histological image missing a 
MicroCT identified cyst. The area below the red line in the MicroCT image on the left 
corresponds with the histological image on the right. The MicroCT image identified a small 
cyst region on the articular surface identified by the arrow that is not present on the 
histological image. No Cyst in MicroCT/Histological Cyst (-): Sample 100 Cyst e is 
representative of a histological image containing cyst regions not identified by MicroCT. The 
area within the red lines in the MicroCT image on the left corresponds with the histological 
image on the right. There are no cyst regions on the MicroCT image, but there is a clear cyst 
region on the histological image as identified by the arrow.  
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Cartilage within Cysts  
The appearance of cartilage tissue within cyst areas had been previously noted by 
the studies of Chen et. al, suggesting that within these areas there is a pathological 
stimulation of mesenchymal stem cell differentiation (Chen et al. 2015). In our study, we 
assessed this in cysts that developed in the different regions of our analysis and is 
summarized in Table 6. Within the large cyst region with areas identified both 
histologically and by MicroCT as cysts, 6/7 samples contained cartilage, while in the 
primary compressive region 5/7 showed the development of cartilage. Within these 
regions, most of the samples had cartilage beneath the cement line, within the 
subchondral bone near a cyst region. Sample #107 did not have cartilage within its large 
cyst region. This could be due to the fact that the articular surface and part of the 
subchondral bone cyst region as identified by MicroCT did not cut well and so just 
wasn’t visualized on the slide. Interestingly, only 1/7 samples within the anterior cartilage 
region contained cartilage within cyst areas.  
 
Table 6: Histologically Identified Cartilage within Cysts  
 Sample 
100 
Sample 
101 
Sample 
106 
Sample 
107 
Sample 
115 
Sample 
116 
Sample 
132 
Large Cyst 
Region  
+ + + - + + + 
Anterior 
Cartilage 
Region  
- - + - - - - 
Primary 
Compressive 
Region 
+ + - + - + + 
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Figure 7: Cartilage within Cysts 
Top: Image of Sample 106 Cyst a with an arrow indicating where the cartilage within 
the cyst region is located 
Bottom: Magnified view of cartilage within the cyst region. Safranin-O stains cartilage 
red due to the proteoglycan content. The chondrocytes can clearly be visualized within 
their lacunae. This cartilage is surrounded by the fibrous subchondral bone cyst.  
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Fibrillation 
Cartilage fibrillation is a hallmark of cartilage damage and the progression of 
osteoarthritis. Table 7 summarizes this tissue feature in the three regions that were 
examined. Within the large cyst region, the samples that still had articular cartilage all 
showed signs of fibrillation. Similarly, within all the samples in the primary compressive 
region and in all but one sample within the anterior cartilage region also showed this 
feature.  
 
Table 7: Histologically Identified Fibrillation  
 Sample 
100 
Sample 
101 
Sample 
106 
Sample 
107 
Sample 
115 
Sample 
116 
Sample 
132 
Large Cyst 
Region  
+ + + - + - + 
Anterior 
Cartilage 
Region  
+ + + + + + - 
Primary 
Compressive 
Region 
+ + + + + + + 
 
 
Osteophytes 
Osteophytes were identified by regions of sclerotic bone that pushes all the way 
through to the articular surface. The articular surface above the osteophyte is typically 
void of articular cartilage. In the large cyst region, all samples contained osteophytes 
except for Samples 107 and 116 as they did not cut well enough on the microtome for the 
articular surface to be visualized.  
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In the anterior cartilage region, Samples 101, 106, and 107 had osteophytes. 
Samples 100, 115, 116, and 132 did not. Sample 132 was missing the articular cartilage 
surface so even though there appeared to be trabecular bone with an increased density 
near the surface, it could not be confirmed as an osteophyte. 
 
In the primary compressive region, Samples 100, 101, 106, 107, 115 and 132 all 
had osteophytes. As compared to the large cyst region and anterior cartilage region, 
osteophytes were the most prevalent in the primary compressive region. Because the 
primary compressive region bears the most weight, this suggests that the increased 
density of bone provided by the osteophytes could help to compensate for the weakening 
of the femoral head by the subchondral bone cysts.  
 
Table 8: Histologically Identified Osteophytes 
 Sample 
100 
Sample 
101 
Sample 
106 
Sample 
107 
Sample 
115 
Sample 
116 
Sample 
132 
Large Cyst 
Region  
+ + + - + - + 
Anterior 
Cartilage 
Region  
- + + + - - - 
Primary 
Compressive 
Region 
+ + + + + - + 
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Figure 8: Osteophyte 
Top: Sample 132 PC/Cyst b with arrow indicating osteophyte region 
Bottom: Magnified view of osteophyte region. The trabecular bone is sclerotic and 
breaks through to the articular surface. There is no articular cartilage layer above the 
osteophyte.  
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Blood Vessels 
 Selected tissue blocks with histologically and MicroCT confirmed cyst regions 
from the large cyst region group were treated with PECAM-1. This surface protein also 
known as CD31, is specifically on vascular endothelial cells and thus allows us to 
confirm the identity of these blood vessels. All seven samples had PECAM-1 identified 
blood vessels within the MicroCT and histologically confirmed subchondral bone cyst 
areas. In many of these regions, there was a very high density of blood vessels within the 
cyst areas, which was much greater than in areas with normal fatty marrow (Figure 11). 
Furthermore, these blood vessels tended to form in clusters and ranged from smaller 
capacity sized vessels to mid-sized arterioles and venules (Figures 9 and 10). The 
intensity and consistency of the PECAM-1 varied within each sample and between all of 
the samples. There were cells present throughout the fibrous connective tissue that also 
were immune reactive to PECAM-1. It’s possible that these cells also expressed CD31 
since nuclei of the same shape got marked in all seven of the samples.  
 
Table 9: PECAM-1 Identified Blood Vessels  
 Sample 
100 
Sample 
101 
Sample 
106 
Sample 
107 
Sample 
115 
Sample 
116 
Sample 
132 
Large 
Cyst 
Region 
+ + + + + + + 
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Sample 101 
Sample 106 
Figure 9: PECAM-1 Results for Samples 100, 101, and 106 
Left: Overview image of each sample at 4x with arrow identifying cluster of blood 
vessels. Right: 20x image of CD31-marked blood vessels  
Sample 100 
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Sample 107 
Sample 115 
Sample 116 
Sample 132 
Figure 10: PECAM-1 Results for Samples 107, 115, 116, and 132 
Left: Overview image of each sample at 4x with arrow identifying cluster of blood 
vessels. Right: 20x image of CD31-marked blood vessels  
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Normal Fatty Marrow 
Cyst Region 
Figure 11: Extent of Vascularization Comparison 
Normal Fatty Marrow: Image on left shows 4x image of S115 Cystb with 
arrow indicating normal fatty marrow. Image on right shows 20x image of 
normal fatty marrow with arrows identifying two blood vessels. Cyst Region: 
Image on left shows 4x image of S115Cystb with arrow indicating cyst 
region. Image on right shows 20x image of cyst region with PECAM-1 
marking CD31 on endothelial cells of blood vessels.  
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Summary 
Overall, all seven samples exhibited many of the characteristics inherent to the 
progression of osteoarthritis. The location of the cysts varied, with the majority overall 
being superficial to the articulating surface. The distribution of location within each 
region and between the regions suggest that the subchondral bone cysts form superficially 
initially and as the disease progresses, more cysts form deeper to the articular surface. 
Because the primary compressive region is exposed to the greatest amount of force and is 
most susceptible to cartilage degeneration, it had the greatest number of samples for each 
pathological feature with the exception of cartilage within the cyst. This suggests that 
these features are more likely to form in this region due to the higher likelihood of 
structural damage. This also implies that the disease starts here and ultimately progresses 
to other regions of the femoral head. The number of samples containing cartilage within 
the cyst regions was much lower in the anterior cartilage region than the large cyst region 
and primary compressive region. Because this area represents the region with the least 
cartilage damage, this suggests that the underlying microstructure is not damaged to the 
same extent as the other regions.  
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Table 10: Summary of Histologically Identified Features by Region 
S= Superficial, M= Middle, D= Deep, U= Uniformly fibrous 
 
 Cyst Cyst 
Location 
Sclerotic 
Bone 
Cartilage 
within 
Cyst 
Fibrillation Osteophyte Blood 
Vessels 
Large Cyst 
Region  
7/7 3/7 S 
2/7 M 
1/7 D 
1/7 S/D 
 
 
 
6/7 
 
6/7 5/7 4/7 7/7 
Anterior 
Cartilage  
Region  
7/7 5/7 S 
1/7 D 
1/7 U 
5/7 
 
 
1/7 6/7 3/7 - 
Primary 
Compressive 
Region 
7/7 4/7 S 
2/7 S/M/D 
1/7 S/D 
7/7 
 
 
 
5/7 7/7 6/7 - 
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DISCUSSION 
 
Osteoarthritis is characterized radiographically by a narrow joint space, sclerotic 
bone, osteophytes, and bone cysts (Inui et al. 2013). These bone cysts typically manifest 
in the later stages of osteoarthritis and form near areas of degenerated cartilage (Inui et al. 
2013). In this study, we looked at many of these features with a focus on subchondral 
bone cysts.  
 
Of the seven samples studied, all of them had MicroCT and histologically 
identified subchondral bone cysts. For the most part the MicroCT and histologically 
identified subchondral bone cysts correlated, however there were a few instances where 
they did not. These inconsistencies in large part are most likely due to a misalignment 
during sectioning or due to the parameters set by the MicroCT to detect subchondral bone 
cysts.  
 
Subchondral Bone Cyst Formation 
The location of the subchondral bone cysts varied between superficial to the 
superior, medial, or inferior articular surfaces, throughout the entire femoral head, and 
deep to the articulating surfaces. This inconsistency can lend support to some of the 
theories of subchondral bone cyst formation, but also shows the need for further research 
as to how they develop.  
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The varied location of the subchondral bone cysts exemplifies the controversy 
over theories of subchondral bone cyst formation. Subchondral bone cysts formed near 
the articular surface would seem to support the theories put forth by Landells and Inui, et 
al. Subchondral bone cysts formed deep to the articular surface give merit to the theories 
proposed by Rhaney and Lamb and Ondrouch. In this regard, the anterior cartilage region 
contained the most superficial subchondral cysts without also having cysts in other areas 
of the femoral head of all of the different regions analyzed. Because this region 
represents the least amount of weight-bearing and cartilage degeneration in the femoral 
head, this would suggest that cyst formation starts superficially and progresses inward 
towards the femoral neck.  
 
There are several theories as to how bone cysts form within the subchondral bone, 
such as the hydrodynamic theory and the mechanical overload theory (Inui et al. 2013).  
As stated previously, the hydrodynamic theory is supported by Landells and Inui et al. 
The mechanical overload theory is supported by Rhaney and Lhamb and Ondrouch. Dürr 
et al. also explored the etiology of subchondral bone cysts in osteoarthritis. They 
theorized that the stress-induced microfractures of the subchondral bone are the origin of 
bone cyst formation (Dürr et al. 2004). They modeled a hip with intact cartilage, a hip 
with thinning cartilage, a hip with a cartilage defect, a hip without cartilage, and a hip 
with cysts (Dürr et al. 2004). They found that with a continuous layer of cartilage, 
regardless of the thickness, there was no stress distribution in the femoral head (Dürr et 
al. 2004). However, the stress in the center of the acetabulum increased (Dürr et al. 
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2004). When a cartilage defect was introduced, the stress increased in the acetabulum and 
transmitted to the femoral head just below the defect (Dürr et al. 2004). The stress 
distributions demonstrate why cysts in the acetabulum and the femoral head form 
adjacent to each other (Dürr et al. 2004). Without any cartilage the stress increased 
significantly, particularly in the subchondral acetabular bone (Dürr et al. 2004). The 
presence of subchondral cysts in the femoral head induced stress in the acetabulum, but 
the subchondral cysts in the acetabulum did not induce stress in the femoral head (Dürr et 
al. 2004). Overall, Dürr et. al’s results support the mechanical overload theory put forth 
by Rhaney and Lhamb and expanded upon by Ondrouch. The stress peaks found in the 
subchondral bone support their theory that the stress causes microcracks in the 
subchondral bone, followed by osteoclast resorption and increased cytokines that 
ultimately yields the cyst (Dürr et al. 2004).  
 
This study shows why the majority of the primary compressive and anterior 
cartilage region sections also had subchondral bone cysts. Most of the samples did not 
have a continuous layer of intact cartilage and as a result, suffered an increased amount of 
stress and were more susceptible to subchondral bone cyst formation.  
 
Articular Cartilage Degeneration  
 In this study, each sample was found to have fibrillated articular cartilage, which 
is also a symptom in the progression of osteoarthritis. In osteoarthritis, the articular 
cartilage is worn asymmetrically based on the weight distribution in the femoral head. As 
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shown by Dürr et al, a disruption in the articular cartilage layer makes the underlying 
subchondral bone susceptible to cyst formation.  
  
 The asymmetric weight distribution on the femoral head disrupts the structure of 
the articular cartilage, affecting the progression of osteoarthritis. In a study by Maniwa et 
al., osteoarthritis was mechanically induced in rabbits to ascertain the role of the 
alteration of the articular surface in the progression of osteoarthritis using scanning 
electronic microscopy to view morphological changes and cationized ferritin to mark 
anionic regions of the articular surface (Maniwa et al. 2001). In comparison to the control 
rabbits, the rabbits killed at 8 weeks showed fibrillation of the articular surface and 
hypercellularity (Maniwa et al. 2001). The network of collagen fibrils was dismantled, 
exposing the chondrocytes within rather than enclosing them completely (Maniwa et al. 
2001). Furthermore, the chondrocytes took on the appearance of fibroblasts and showed 
signs of cell division (Maniwa et al. 2001). In the control group, the cationized ferritin 
formed an irregular layer on the surface of the articular cartilage (Maniwa et al. 2001). In 
the osteoarthritis group, the thickness of the cationized ferritin layer decreased and was 
distributed randomly (Maniwa et al. 2001). These results suggest that normal cartilage 
has an intact collagen network and a uniform charge barrier and that disruption to these 
barriers could be a factor in the development of osteoarthritis (Maniwa et al. 2001).  
 
 In many of the samples, the articular cartilage layer was fibrillated and did not 
stain uniformly red in Safranin-O/ Fast Green, indicating reduced proteoglycan content. 
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This study shows how wearing of articular cartilage compromises its structural integrity. 
The charge of the articular surface affects its proteoglycan content and ability to attract 
water molecules. Without water as a cushion, the articular cartilage has a reduced ability 
to act as a shock absorber for the femoral head. This supports the results of this study 
where each sample had fibrillated articular cartilage and underlying subchondral bone 
cysts throughout the femoral head.  
 
 
Cartilage within the Cyst Region  
If the formation of subchondral bone cysts is likened to microfractures beneath 
the subchondral bone plate, then this progression of fracture healing would explain why 
so many of the samples had cartilage within the subchondral bone cysts. In fracture 
healing, there is an influx of cytokines and mesenchymal stem cells that initially forms a 
soft callus comprised of cartilage and then forms a hard callus through the process of 
endochondral ossification and bone remodeling (Morgan, De Giacomo, and Gerstenfeld 
2014). There is an initial anabolic phase where skeletal stem cells are recruited de novo to 
form the cartilage in the soft callus, while also undergoing angiogenesis to increase 
perfusion to the new bone (Morgan, De Giacomo, and Gerstenfeld 2014). The catabolic 
phase is where the cartilaginous callus is broken down and primary bone is laid down 
(Morgan, De Giacomo, and Gerstenfeld 2014). Eventually, the marrow, hematopoietic 
tissues and the structure bone of the bone returns to normal (Morgan, De Giacomo, and 
Gerstenfeld 2014).  
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Based on the information above, it seems that in the bone’s effort to repair the 
disruption of normal trabecular structure, it undergoes intense vascularization and 
innervation to bring in the necessary cells and materials to repair itself. During this repair, 
it is possible that cells that do not usually reside within the subchondral bone may play a 
role in the repair depending on the stage of osteoarthritis. For example, in the large cyst 
region of Sample 100, there was a histologically identified cyst that contained smooth 
muscle cells.  
 
Furthermore, many of the samples had cartilage within the superficial 
subchondral trabecular bone or the entire osteochondral junction was pushed down within 
the femoral head. Ondrouch theorized that this happens when the thin layer between the 
articular surface and subchondral bone cyst can no longer support the stress of weight-
bearing, it gets pushed into the cyst (Ondrouch 1963). Additionally, within the 
osteoarthritic osteochondral junction, the tidemark expands due to the increased 
calcification of deeper layers of cartilage (Hügle and Geurts 2016). Perhaps the 
combination of the subchondral bone plate being pushed down due to the instability 
beneath it and the increased thickness of the calcified cartilage beneath the cartilage is the 
reason for the histological presentation of calcified subchondral trabecular bone.  
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Sclerotic Bone and Osteophyte Formation 
As earlier stated by Hunter et al., osteoarthritis is characterized by sclerotic bone 
that is characterized by its increased thickness and plate-like structure (Hunter et al. 
2009). Sclerotic bone was found in all seven samples. The sclerotic bone appeared in the 
large cyst region, healthy cartilage region, and in the primary compressive region. This 
could be a reflection of the late stage of osteoarthritis of each of the samples. It also 
shows how if one region of the trabecular structure within the femoral head is 
compromised, the effects of the damage manifest in other areas as well.  
 
In a study conducted by Tsouknidas, et al., osteopenetration and MicroCT 
measurements of osteoarthritic and control femoral heads demonstrated differential 
strength within differing regions of the trabecular bone (Tsouknidas et al. 2015). With 
increasing depth within the femoral head, the osteopenetration energy decreased with 
increasing applied load due to gradual collapse of the microstructure of the trabecular 
bone (Tsouknidas et al. 2015). A region where trabecular structure yields a higher 
osteopenetration energy reflects an increased ability to withstand loads with increasing 
strength. The superior and medial-superior regions are the strongest as they had both the 
highest osteopenetration energy and the highest trabecular bone density in comparison to 
the other regions (Tsouknidas et al. 2015). This implies that these are the major weight-
bearing areas (Tsouknidas et al. 2015). The increased density of trabecular bone shows 
how the bone remodels to best accommodate the stress of weight-bearing (Tsouknidas et 
al. 2015). In comparing the osteoarthritic samples to the control samples, the 
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osteoarthritic samples had a statistically significant higher value of osteopenetration 
energy and trabecular bone density (Tsouknidas et al. 2015). The authors postulate that 
this is due to the formation of sclerotic bone and osteophytes (Tsouknidas et al. 2015).  
 
 In normal femoral heads the bone remodels to have the highest density of 
trabeculae aligned in the direction of weight-bearing to best support the load, forming the 
primary compressive region. As stated above, the trabecular bone deeper within the 
femoral head is much weaker than the trabecular bone above it. Therefore, if subchondral 
bone cysts form, it is clear that the microstructure of the surrounding trabecular bone 
won’t be enough to stabilize the load. It makes sense that the formation of sclerotic bone 
and osteophytes would form in compromised areas to augment the reduced ability of 
damaged trabeculae to weight-bear.  
 
Blood Vessels and Nerves within Subchondral Bone Cysts 
Treating slides with histologically and MicroCT confirmed large cyst regions with 
PECAM-1 showed intense vascularization within the cyst regions. Because blood vessels 
and nerves tend to run together, a next step would be to characterize sensory nerves 
within the cyst region. Saxler, et al, found an increased density of substance P- and 
calcitonin gene-related peptide- immunoreactive nerve fibers in hip joints of patients with 
painful osteoarthritis (Saxler et al. 2007). Furthermore, they also showed that patients 
who did not suffer from hip pain lacked these neuropeptides (Saxler et al. 2007). These 
neuropeptides are thought to be involved in the inflammatory process and in pain 
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signaling in arthritis (Saxler et al. 2007). They found the majority of these neuropeptide-
containing nerve fibers adjacent to blood vessels (Saxler et al. 2007). The presence of 
CGRP near blood vessels within the subchondral bone cysts would suggest that they are a 
source of pain. Therefore, positively confirming sensory nerve fibers containing CGRP 
could ultimately influence the development of therapeutics for arthritic pain. 
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CONCLUSION 
 
Patients with bone marrow edema lesions and subchondral cysts report greater 
pain and reduced function (Kumar et al. 2013). Because of the severe impact on patients 
suffering from hip osteoarthritis, understanding its pathology and etiology is of 
paramount importance.   
 
The scope of this study was to investigate subchondral bone cyst formation and to 
characterize the tissues within the subchondral bone cysts. Seven samples were analyzed 
via MicroCT and histology for the subchondral bone cyst regions, the location of the cyst 
region, cartilage within the cyst, sclerotic bone, fibrillation, osteophytes, and blood 
vessels. By confirming the presence of blood vessels within the subchondral bone cysts 
via immunohistochemistry, the hypothesis that the subchondral bone cysts are a source of 
pain in osteoarthritis is bolstered since sensory nerves cluster with blood vessels. 
Understanding the progression of subchondral bone cyst formation and the tissues that 
form within them can pave the way for new therapeutic interventions for hip 
osteoarthritis other than total hip replacement.  
 
Further studies are needed to correlate the bone marrow lesions identified by MRI 
with the subchondral bone cysts identified by MicroCT and histology. In a study 
conducted by Taljanovic, et. al, it was found that MRI-measured changes in bone marrow 
edema correlates with the severity of pain, radiographic grading of osteoarthritis, and the 
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number of microfractures in the subchondral regions of the proximal femoral head 
(Taljanovic et al. 2008). Furthermore, they were also able to further correlate the bone 
marrow edema pattern with their histological findings of subchondral sclerosis, bone 
marrow fat necrosis, subchondral pseudocysts/geodes, bone marrow fibrosis, 
microfractures, and bone marrow edema (Taljanovic et al. 2008). They also found that 
the more intense regions of bone marrow edema as determined by MRI matched with 
those determined by histology and were concentrated in the weight-bearing regions of the 
femoral head (Taljanovic et al. 2008).  
 
Because this study has already correlated MRI with histologically identified cysts, 
the next step would be to compare bone marrow lesions with subchondral bone cysts. 
Coupled with the results of this study, the linkage of bone marrow lesions and 
subchondral bone cysts could expedite the diagnostic process and provide patients with 
less invasive alternative treatments. 	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